An Al-5 wt.% Cu alloy supersaturated with Cu in solid solution was subjected to equal channel angular pressing (ECAP). The microstructural evolution was systematically investigated by backscattered electron (BSE) imaging, electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM). It is revealed that a bimodal grain structure composed of coarse micron-sized grains and submicron-sized grains was developed after four passes of ECAP. Tensile testing showed that a high ultimate tensile strength of ~500 MPa, a high elongation to failure of ~28% and a uniform elongation of ~5% were achieved simultaneously. The deformation behaviour and the grain structure evolution during ECAP, the strengthening mechanisms of the as-deformed material, and especially, the role played by a high content of Cu have been discussed.
Introduction
Al-Cu alloys are one of the most important high strength aluminium alloys and employed extensively in structural applications. The as-cast microstructure of Al-Cu alloys with a high content of Cu is usually composed of aluminium matrix supersaturated with Cu solutes and coarse eutectic θ particles (Al 2 Cu) distributed along grain boundaries. Usually, a solution heat treatment followed by an age hardening treatment has to be conducted to achieve the high strength for these alloys. Severe plastic deformation (SPD) methods, particularly, equal channel angular pressing (ECAP), have been widely used to produce bulk ultrafine grained (UFG) and nanocrystallined (NC) metals and alloys with superior strengths [1] [2] [3] [4] [5] .
However, most of the UFG and NC materials show rather limited ductility at room temperature, where the elongation to failure is just a few percent and the uniform tensile elongation is even smaller [6] . This is attributed to the low work hardening rate of the materials, which is a result of low dislocation accumulation capability of the submicron-sized and nano-sized grains. The poor ductility of UFG materials processed by SPD limits their further deformation and application potentials. So far, different strategies have been proposed to improve the ductility of UFG and NC materials, e.g. the introduction of a fine dispersion of nanoparticles or twin boundaries into the nanostructured matrix [7, 8] and the generation of bimodal grain structures [9] [10] [11] [12] . Among these approaches, generating bimodal grain structures is proved to be the most promising one. Recently, by using this strategy, high strength (~507 MPa) and large uniform elongation (~11%) were achieved simultaneously in a binary Al-7 wt.% Mg alloy processed by room temperature ECAP (RT-ECAP) [13, 14] . The formation of the bimodal grain structure was attributed to the high content of Mg in solid solution. Firstly, a high Mg solute content increases the atomic friction of dislocation slips, which resulted in inhomogeneous deformation behaviours of coarse grains with different orientations. Secondly, the high Mg solute content also strongly supressed the rearrangement of diffuse dislocation boundaries into subgrain boundaries and high angle boundaries (HABs).
In aluminium alloys, solute Cu has an even stronger work hardening effect than Mg in aluminium alloys. It is therefore expected that a high solute content of Cu also favours the generation of a bimodal grain structure in Al-Cu alloys subjected to SPD and thus possibly enhances the ductility. However, most Al-Cu alloys (containing 2-4 wt.% Cu) subjected to RT-ECAP show a uniform grain structure and they have an ultimate tensile strength (UTS) of ~290-450 MPa and a uniform elongation ( ) of ~1-4% [15] [16] [17] [18] .
Studies on RT-ECAP of Al-Cu alloys containing higher levels of Cu content have been few and no bimodal grain structures have been reported. Tensile properties of an ECAP processed Al-5 wt.% Cu (through a 110˚ die via route A, i.e. no billet rotation between passes) was studied in Ref. [19] , in which an UTS of ~493 MPa with a low elongation to failure value (less than 10%) was achieved after 8 passes.
The aim of the present work is to explore the possibility to achieve a bimodal grain structure in Al-Cu alloys with high strength and improved ductility by exploiting the high work hardening potential of Cu.
Different strategies have been applied to promote the heterogeneous deformation during ECAP. Firstly, an Al-5 wt.% Cu alloy after solution treatment and quenching was used. This alloy contains a small fraction of coarse eutectic Al Cu particles, which cannot be dissolved into the matrix during a homogenization treatment. The presence of coarse particles can enhance the formation of ultrafine grains around the particles due to particle stimulated continuous dynamic recrystallization (CDRX) during ECAP [20, 21] . Secondly, ECAP via route A in a 90˚ die was applied. Such a process route will ensure that a fraction of coarse grains can be subjected to less deformation due to the unfavourable orientations. The microstructural evolution, the deformation and grain refinement mechanisms of the Al-5Cu alloy during ECAP, and the mechanical properties of as-deformed samples were systematically investigated.
Experimental Procedure
A binary Al-5 wt.% Cu alloy prepared by using commercial purity Al and high purity Cu was used in the present work. Prior to ECAP, Al-5Cu bars with dimensions of 100 mm × 19.5 mm × 19.5 mm were homogenized in a salt bath furnace at 540 ˚C for 24 h followed by water quenching. Then, these bars were subjected to ECAP through a 90˚ die via route A at room temperature, which leads to an imposed equivalent strain of about 1.0 per pass [22] . To lower the friction during pressing, samples were coated with a thin layer of graphite lubricant. The ECAP samples were processed for various numbers of passes through the die, up to a maximum of four. A sample that had gone through X (here X = 1, 2, 3 and 4) passes of ECAP was labelled as XP sample.
Samples for microstructure characterization, hardness and tensile test measurements were cut from the uniformly deformed regions of the ECAP processed bars. BSE images and EBSD data were obtained from the longitudinal sections of the samples. After standard mechanical grinding and polishing, ion milling at 3.5V for 45 min was carried out on the surface of EBSD samples. EBSD was conducted in a Hitachi SU-6600 field emission gun-scanning electron microscope (FEG-SEM) equipped with a Nordif EBSD detector and TSL OIM software. Thin foils for transmission electron microscopy (TEM) were prepared by twin-jet electropolishing in a solution of 33% nitric acid in methanol at -30 ˚C. TEM observation and TEM orientation mapping were carried out using a JEOL 2010F TEM operated at 200 kV, equipped with the NanoMegas ASTAR system for scanning precession electron diffraction (SPED). Mechanical properties were evaluated by both hardness and tensile testing. Vickers hardness measurements were performed using a DVK-1S Vickers hardness testing machine under a load of 1 Kg applied for 15 s. The hardness values reported were an average of at least ten separate measurements. Tensile test specimens were machined from the ECAP bars in the longitudinal direction, with a gauge length of ~8 mm, width of ~4 mm and thickness of ~2 mm. Tensile tests were conducted at room temperature and a strain rate of 5 × 10 s , using a MTS 810 hydraulic universal testing machine with a 100 KN capacity. The microstructure of the as-homogenized material was examined by BSE and EBSD (Fig. 1) . The initial microstructure consists of α-Al grains with an average size of ~40 μm and a small fraction of eutectic Al Cu particles with an average equivalent circular diameter of ~3 μm. Most of the Al Cu particles are located along grain boundaries and the area fraction of these particles is measured to be ~0.4% by using the software Image J. Fig. 2(a) is a BSE image showing the deformation structure of the 1P sample. After one pass of ECAP, elongated grains have formed due to the severe shear deformation during ECAP. Most of the elongated grains are mainly aligned at an angle of ~30˚ to the extrusion direction (ED), which is well consistent with the previous analysis [15] . Inside the elongated grains, parallel slip bands can be frequently observed, for example, within the grain GI indicated by the white oval circle. In order to further investigate the deformation behaviour of the grains, EBSD was conducted on the same area of the BSE sample corresponding to the white rectangle in Fig. 2(a) . The corresponding EBSD image is shown in Fig. 2(b) . As can be seen, low angle boundaries (LABs), high angle boundary (HAB) segments and fine grains have also formed within some of the elongated grains. For the grain labeled GI, only alternating micro-bands with slight orientation differences can be observed. Fig. 2(c) shows a magnified EBSD image of the highlighted grain GI. Inside the grain, the boundaries between the micro-bands are diffuse and the point-to-point misorientations are mostly less than 4˚. Moreover, more LAB segments with higher misorientation angles of 5-15˚ can also be observed in the vicinity of the original HABs than in the interior of the grain, which may be related to the more severe local deformation at the original HABs and around the coarse Al Cu particles [21] . The presence of diffusive boundaries can be attributed to the pinning effect caused by the high content of Cu in solid solution, which can strongly retard the migration of dislocations. Thus, the evolution of diffuse dislocation boundaries into regular subgrain boundaries through rearrangement of intrinsic dislocations by climb and/or cross slip becomes difficult. A similar diffuse micro-band boundary structure was also reported in an Al-7Mg alloy subjected to ECAP [13] . From the inserted point-to-origin misorientation profile along the elongated direction of the grain GI, a large long-range misorientation gradient exists in the elongated grain, indicating a high dislocation density in the grain. HABs. As shown by the misorientation profile, a long-range misorientation gradient also exists in this grain. As exemplified by grains GI and GII, after one pass of ECAP, most of the elongated grains have only micro-bands but not any well-developed subgrain and cell structures. This should be related to the high Cu solute content [23] that strongly increases the critical shear stress of dislocation slips and therefore enhances the planar slip behavior [24, 25] . With few active dislocation slip systems, it is difficult to form 3D dislocation networks and therefore regular cell boundaries. Inside of GI and GII, the blue and red lines depict differences between neighbouring grid points 2˚ < ϴ ≤ 5˚ and 5˚ < ϴ ≤ 15˚ respectively. Fig. 3 shows the BSE and corresponding EBSD images of the 2P, 3P and 4P samples. EBSD analysis was done on the areas highlighted by rectangular frames in the BSE images. After two passes ( Fig. 3(b) ), the width of the coarse elongated grains are further reduced. Besides, a comparison between the BSE ( Fig.   3(a) ) and EBSD image (Fig. 3(b) ) shows that a large number of fine equiaxed grains have formed along HABs and at the triple junctions of the coarse grains, which can be related to the presence of eutectic Al 2 Cu particles. From Fig. 3(c) and (e), it can be seen that after three and four passes, a large fraction of shear bands has formed. The formation of shear bands is common for Al alloys containing high levels of solutes when subjected to large deformations. The angles between the shear band structures and ED are in the range 35-60˚ (as exemplified by the white markings in Fig 3(c) and (e)). The widths of the shear bands after three and four passes are 30-40 μm and 20-30 μm, respectively.
Microstructure of Al-5Cu processed by ECAP
From the EBSD image shown in Fig. 3(d) , it can be seen that more equiaxed ultrafine grains have formed inside the coarse grains and along the HABs of elongated grains. Interestingly, there are less UFG equiaxed grains inside the green coarse grains than grains indexed with other orientation colors, implying a less deformation extent in this grain. This is also true for the green color grains in 4P sample (Fig. 3(f) ). A shear factor [26] calculation for the green coarse grain marked by an oval circle shows that it has only two slip systems with shear factor values larger than 0.5 (i.e., 0.97 and 0.55). Because of the limited active slip systems in these grains, subdivision of such coarse grains into fine subgrains and subsequently their further transformation into grains delimited by HABs is difficult. A careful examination reveals that many of the equiaxed fine (sub)grains inside coarse grains are surrounded by HAB segments connected to LAB segments (as indicated by the oval circle in Fig. 3(d) ). This observation indicates that the fine and UFG equiaxed grains have formed by CDRX via transformation of LABs into HABs with increasing misorientation angles of subgrain boundaries during ECAP, which greatly contributes to the refinement of coarse grains.
As shown in Fig. 3(f) , there is a large fraction of submicron-sized ultrafine equiaxed grains in the 4P sample. However, coarse micron-sized grains can still occasionally be observed, which means that a bimodal grain structure has formed. This is similar to the bimodal grain structure obtained in an ECAP processed Al-7Mg alloy after a strain of ~3 [13] . The existence of the coarse micro-sized grains is mainly attributed to their unfavorable grain orientations that make the activation of multi-dislocation slips difficult during ECAP. Since route A is used, the shear factor of the coarse grains has a limited change from pass to pass. The subdivision of those coarse grains with an unfavorable orientation is thus difficult even when subjected to higher deformation strains (i.e. more ECAP passes).
Inside the large grains in the 4P sample, the density of geometrically necessary dislocations can roughly be estimated by the misorientation gradient according to the equation ρ ≈ θ bδ [13] , where θ is the accumulated misorientation angle in radians within a distance δ, and b is the Burgers vector. With b = 2.86 × 10 m for pure Al and values for θ and δ derived from the misorientation profiles in different large grains in Fig. 3(f) , the local dislocation density is estimated to be ~1-2 × 10 m ， which is comparable to typical values of dislocation density in the heavily deformed Al-7Mg alloy [13] . There is a sharp decrease of average grain size after the first pass of ECAP, i.e. the length of grains reduces from ~40 μm to ~17 μm (Fig. 4(a) ). The aspect ratio of the grains drops with increasing deformation strain. In the 4P sample, the average grain size is measured to be ~0.4 μm and ~0.65 μm for δ and L, respectively. As shown in Fig. 4(b) , after two passes of ECAP, the grain boundaries are dominated with LABs with misorientation of θ≤5˚, while the fractions of HABs and LABs with 5<θ≤15˚ are low. This is consistent with the results shown by Fig. 2 and 3 there is a sharp increase for the fraction of HABs at the consumption of LABs. This is more significant during the 4 th pass of ECAP which may be due to the saturation of dislocations in the alloy and the fast evolution of LABs into HABs by the CDRX process. The sharp increase of average misorientation of boundaries from the 3 rd to 4 th pass (Fig. 4(c) ) shows the same trend. Fig. 4(d) shows the crystallite size distribution histogram of the 4P sample based on the EBSD image in Fig. 3(d) , indicating a bimodal grain structure. However, since good quality EBSD orientation maps can be obtained only in regions containing a considerable volume fraction of coarse grains while regions dominated by ultrafine grains appeared with poor Kikuchi patterns, the actual volume fraction of ultrafine grains is much higher than that indicated by Fig. 4(d) . To further study the bimodal grain structure achieved in this alloy, TEM characterization and orientation mapping based on scanning precession electron diffraction (SPED) were carried out on the 4P sample. Fig. 5(a) shows the orientation map of a micron-sized coarse grain. Inside the coarse grain, LABs with misorientation angles of 6-14˚ and submicron-sized grains bounded by HABs can also be observed. Interestingly, many discontinuous HAB segments can be seen connecting with the LABs, clearly demonstrating the CDRX process. Fig. 5(b) shows a bright field TEM image of the framed area in Fig 5(a) . As can be seen, there are many dislocation tangles inside the coarse grain, indicating a high density of dislocations. Fig. 5(c) shows the co-existing micron-sized coarse grains and UFG grains, both equiaxed and elongated. As can be seen, the equiaxed UFG grains preferentially form at the previous HABs of elongated coarse grains. In the sample, the lamellar structure that consists of elongated ultrafine grains of ~100 nm in width can also be frequently observed ( Fig. 5(d) ), which is similar to the microstructure obtained in the Al-4wt.% Cu alloy processed by ECAP via a 120˚ die through route A [27] . These elongated ultrafine grains have also a high density of dislocations. The bimodal grain structure obtained in the present study is a result of incomplete CDRX that can be associated with the deformation behaviour of grains with different orientations. Non-uniform deformation can be attributed to the combined effect of a high content of Cu, the specific ECAP route used, the angle of ECAP die and the coarse particles. During shear deformation in ECAP, individual grains in the samples are not deformed uniformly due to the orientation difference. The high solute content of Cu increases the critical shear stress for activition of dislocation slips. At the same time, it suppresses the rearrangement of diffuse dislocation boundaries into subgrain boundaries. For the grains with unfavorable orientations, less dislocation slip systems are activated. Thus the coarse grains with unfavourable orientaions are difficult to be subdivided into fine grains by the development of subgrain boundaries. Different from the mostly used route Bc in ECAP, the relative change of shear direction to the grain orientation during ECAP via route A from pass to pass is limited, especially at higher pass numbers. This fact reduces the chance for the unfavourably oriented grains to be further refined into equiaxed grains. In Ref [27] , an Al-4 wt.% Cu alloy deformed to a strain of ~10 via route A using a 120˚ ECAP die exhibited a submicron-sized lamellar grain structure. In the present work, a different grain structure was obtained. This result should be attributed to the fact that a 90˚ die was used in the present work, which can generate more shear bands and enhance the formatiom of equiaxed grains. Lastly, the coarse Al Cu particles along the grain boundaries also contribute to the inhomogerous deformation and the grain refinement [20] . The high misorientation gradient of the matrix in the vicinity of the coarse particles, promotes the CDRX process and thus the formation of equiaxed UFG grains.
Mechanical properties 3.2.1. Hardness
The evolution of Vickers hardness with increasing number of passes is shown in Fig. 6(a) . As shown, the hardness increases sharply after one pass, i.e. from 77 HV in the initial as-homogenized state to 125 HV, followed by a relatively slow increase rate during the 2 nd , 3 rd and 4 th pass, finally reaching 147 HV which is about 2 times the hardness of the as-homogenized state. The slower hardness increase rate at higher deformation strains can be attributed to the gradual supersaturation of dislocations in the coarse grains. Typical engineering stress-strain and true stress-strain curves for the as-homogenized and 4P samples are shown in Fig. 6(b) and (c) The high strength of the UFG Al-5Cu achieved by four passes of ECAP in this work can be attributed to three factors, i.e. solid solution strengthening by a high solute content of Cu, strengthening by a high dislocation density and grain boundary strengthening due to the decrease of grain size.
Tensile properties
In the present work, the average equivalent circular grain size of the 4P Al-5Cu sample was ~0.5 μm.
According to the the classical Hall-Petch (HP) relationship Δσ = kd ⁄ , where σ is the yield strength, d
is the average grain size and k is a material-dependent constant (here k is taken as 130 MPa μm / [30] ), the increase of strength by grain refinement is estimated to be ~184 MPa for the 4P sample (vs. ~20 MPa for the as-homogenized sample).
According to classical work hardening theories, the strength contribution from dislocation-dislocation interactions is given by the following relationship: Δσ = MαGb ρ [31] , where α is a numerical constant measuring the efficiency of dislocation strengthening, G is the shear modulus, and b is the Burgers vector.
The larger increase in YS than UTS in comparison to the as-homogenized material indicates a reduction in work hardening capability of ECAP processed materials. This is because the dislocation density of the ECAP processed sample is already high and therefore cannot further increase at the same rate as that of the as-homogenized alloy during tensile testing. According to the difference of the yield strength between the as-homogenized and 4P samples, the value of strengthening owing to work hardening in the 4P sample can be estimated to be Δσ = 457 − 169 + 20 − 184 = 104 MPa. Here we can also estimate the dislocation density of the 4P sample by taking α = 0.3, G = 27 GPa, b = 2.86 × 10 m and the Taylor factor M=3 [13] . Applying the estimated value of Δσ = 84 MPa gives a dislocation density of ~1.5 × 10 m , which compares well with the estimated value based on the misorientation gradient.
Among different mechanical properties of UFG materials processed by SPD, ductility is particularly important since it relates to fracture toughness and formability. The strain prior to the onset of necking is an indispensable value in the formability of sheet metal because its magnitude specifies the permissible strain to obtain uniform or homogeneous deformation (ε ), after which local thinning (i.e., inhomogeneous deformation) may occur. In addition to the significance of ε on formability, the total elongation (ε ) at fracture is also being considered as an essential indicator of formability. Here, ε = ε + ε , where ε is the post-uniform elongation. After four passes, the values of ε and ε reached 5% and 28%, respectively.
Although the uniform elongation of the 4P sample is much reduced in comparison to the ashomogenized state, it is significantly larger than previously reported values of ECAP processed Al-Cu (containing 3-5 wt.% Cu) alloys, and even superior to that of the Al-4.1 wt.% Cu alloy with post-ECAP annealing at 170℃ for 2 hours (see Table 1 ). It is well known that the work hardening ability is important for stabilizing uniform tensile deformation. In this study, the enhanced work hardening can be interpreted in light of the high solute content of Cu and the bimodal grain structure.
During tensile deformation, non-uniform deformation starts when the condition predicted by the Considere criterion is reached, ( ) ̇≤ σ, where σ and ε are true stress and true strain, respectively, and ̇ is the strain rate. Typically, the strength of heavily deformed metals is high and work hardening rate is low, making it easy for inhomogeneous deformation to onset at small strains. Thus, an increase of work hardening rate can postpone the onset of instability of plastic flow, resulting in a large uniform elongation.
A dynamic balance between dislocation generation and annihilation determines the work hardening rate, while the uniform strain during tensile deformation is primarily controlled by the rate of dynamic recovery [32] . In this study, the high Cu solute contents can retard the annihilation of dislocations by pinning the migration of mobile dislocations and accordingly, the ECAP processed material can reach a higher supersaturating density of dislocations, resulting in a high work hardening rate, thus improving the uniform elongation.
Furthermore, the interior of coarse grains has a much lower dislocation density than those areas adjacent to the HABs, which means that coarse grains have ample space for accommodating newly generated dislocations during the tensile deformation. Thus, the micron-sized (large) grains increase the work hardening capacity. Additionally, the coarse grains themselves not only participate in the plastic deformation but also help release the stress concentration in the UFG matrix [12] . Crack propagation across these large and ductile grains dissipates a considerable amount of energy [28] , thereby delaying crack initiation and propagation. This bimodal microstructure is supposed to be the most important reason for the large uniform elongation and post-uniform elongation in the 4P sample.
Fracture of tensile samples
Detailed fracture morphology of the tensile specimens was obtained by using SEM. As indicated in Fig.   7 (a), the as-homogenized sample shows a typical dimple-like ductile fracture, where the diameter of the dimples is measured as ~12-25 μm. The fracture surfaces of the 4P sample are shown in Fig. 7 (b)~(d). As can be seen, the dimples in the 4P sample are generally shallow and the size varies a lot. Two distinctive features are noted for the dimples. The first one is the large areas of a poorly defined dimple morphology (marked by an oval circle in Fig. 7(b) ), which is supposed to be correlated to ultrafine grained regions. In metals containing ultrafine grains, the dimensions of the dimple-like features observed on the fracture surface are usually considerably larger than the grain sizes [33] [34] [35] . The reason is that since fracturing of UFG grains operates at a larger scale and eventually involve collective grain activity [33] . Based on Fig.   7 (b), it seems that a considerable fraction of grains (~70% in area fraction) is in the UFG range. The second feature of the fracture surface is the well-defined deeper dimples associated with the CG regions, which are similar to those seen in the as-homogenized sample. These dimples indicate that some plastic deformation has occurred prior to fracture, which contributes to the improved elongation to failure.
Atomistic simulations of crack propagation in NC materials have demonstrated that inter-granular fracture proceeded by coalescence of micro-voids ahead of the crack [36] . According to the model by Lavernia and collaborators [37, 38] , cracks follow a fast and intergranular path when running through the nanostructured grains, but are blunted and slowed down when they encounter a large and soft grain. The coarse grains in a bimodal grain structure are therefore an important reason to attain large uniform elongation in the 4P sample. 
Conclusions
The microstructural evolution and mechanical properties of an ECAP processed Al-5wt.% Cu alloy containing a small fraction of Al Cu eutectic particles were investigated. The microstructure analysis revealed that during ECAP, the grain refinement occurs predominantly by subdivision of original coarse grains by forming shear bands and by continuous dynamic recrystallization (CDRX). The coarse eutectic Al 2 Cu particles along grain boundaries can enhance the formation of UFG grains around the particles. Due to the high solute content of Cu and ECAP via route A, some of the coarse grains are difficult to be refined into UFG grains. As a consequence, a bimodal grain structure can be achieved after four passes of ECAP.
Tensile tests showed that high strength (UTS ≈ 500 MPa) and good ductility (i.e. elongation to failure ~28% and uniform elongation ~5%) can be achieved simultaneously in the ECAP Al-5Cu alloy. High yield strength is a combination of different strengthening mechanisms, i.e. solid solution strengthening by a high content of Cu, strain hardening by a high dislocation density, and grain boundary strengthening. The high solute content of Cu and the bimodal grain structure is supposed to lead to the enhanced rate and capacity of work hardening, respectively, resulting in the improved uniform elongation. The results of the present work suggest a new strategy for designing and manufacturing UFG metal alloys with both high strength and good ductility.
Tables. Table 1 . Tensile properties of the as-homogenized and the 4P samples. For comparison, data for room-temperature ECAP processed Al-Cu alloys reported in different literatures are also included. Corresponding misorientation profiles measured along the lines are also included. Inside of GI and GII, the blue and red lines depict differences between neighbouring grid points 2˚ < ϴ ≤ 5˚ and 5˚ < ϴ ≤ 15˚ respectively. 
